Since the mid-1990s precipitation trends over eastern China display a dipole pattern, characterized by positive anomalies in the south and negative anomalies in the north, named as the Southern-Flood-Northern-Drought (SFND) pattern. This work investigates the drivers of decadal changes of the East Asian summer monsoon (EASM), and the dynamical mechanisms involved, by using a coupled climate model (specifically an atmospheric general circulation model coupled to an ocean mixed layer model) forced by changes in (1) anthropogenic greenhouse gases (GHG), (2) anthropogenic aerosol (AA) and (3) the combined effects of both GHG and AA (All Forcing) between two periods across the mid-1990s. The model experiment forced by changes in All Forcing shows a dipole pattern of response in precipitation over China that is similar to the observed SFND pattern across the mid-1990s, which suggests that anthropogenic forcing changes played an important role in the observed decadal changes. Furthermore, the experiments with separate forcings indicate that GHG and AA forcing dominate different parts of the SFND pattern. In particular, changes in GHG increase precipitation over southern China, whilst changes in AA dominate in the drought conditions over northern China. Increases in GHG cause increased moisture transport convergence over eastern China, which leads to increased precipitation. The AA forcing changes weaken the EASM, which lead to divergent wind anomalies over northern China and reduced precipitation.
Introduction
Summer precipitation over East Asia is mainly associated with the East Asian summer monsoon (EASM). Since the mid-1990s, the EASM circulation has exhibited a weakening tendency, characterized by an increase in the sea level pressure (SLP) over East Asia and a weakening of the lowertropospheric southwesterly wind. Associated with the weakened EASM circulation is enhanced precipitation over the middle and lower reaches of the Yangtze River valley and over south China, and suppressed precipitation over northern China. This pattern of rainfall change is named the "Southern Flood Northern Drought" (SFND) pattern (i.e. Wang 2001; Ding et al. 2008 Ding et al. , 2009 , although, note the time-period used to define the SFND in this study is different due to the need to avoid volcanic eruptions).
Since the changes in EASM and associated precipitation can be induced by anthropogenic forcing changes as well as by natural variability, many previous studies have considered the relative importance of natural and anthropogenic forcing changes (Shen et al. 2008; Wang et al. 2012 Wang et al. , 2013 Song et al. 2014) . Some studies suggest that external forcing, such as the changes in greenhouse gas (GHG) concentrations and anthropogenic aerosol (AA) emissions, are the most important factors for generating the SFND pattern (Chen and Sun 2017; Ma et al. 2017; Wang et al. 2013; Xie et al. 2016; Zhang et al. 2017) . For example, based on the coupled general circulation model (CGCM) Bergen Climate Model (BGM), and by using multi-ensemble simulations, Wang et al. (2013) argued that the SFND pattern is predominantly forced by the combined effect of increasing GHG and aerosol emissions.
In response to the increase in GHG concentration the climate system warms, because the atmosphere traps more outgoing longwave radiation and enhances the tropospheric radiative warming. Theories and numerical studies suggest that the warming caused by the increased GHG concentrations can change the atmospheric circulation by increasing the lower-tropospheric water vapor (Vecchi and Soden 2007;  1 3 Held and Soden 2006) . In response to the enhanced conditional instability caused by the increased moisture and warm sea-surface temperature (SST), the monsoon rainfall over the Western North Pacific Summer Monsoon (WNPSM) region increases (Lee et al. 2008) . The Asian summer monsoon precipitation is also projected to enhance under greenhouse warming (Wang et al. 2014; Li et al. 2015; Li and Ting 2017) .
Anthropogenic aerosols (AA) in the atmosphere can scatter and absorb the solar radiation directly, but also alter the radiative properties of clouds through aerosol-cloud interactions. The absorption of solar radiation leads to a significant heating of the troposphere. Both scattering and absorption cause surface cooling. Due to the heterogeneous aerosol distribution, the efficiency of the top of the atmosphere direct forcing of anthropogenic aerosols in causing climatological surface temperature change clearly differs from the uniformly distributed and long-lasting greenhouse gases Wang 2004) . The spatial heterogeneity can cause large changes of precipitation in the tropics where the circulation is known to be sensitive to horizontal temperature gradients, which is known as the dynamic effect of aerosol forcing Rotstayn and Lohmann 2002) . This dynamic effect can be described as the southward shift of the intertropical convergence zone (ITCZ) in response to the heterogeneous aerosol emissions that are larger in northern hemisphere than in southern hemisphere (Rotstayn and Penner 2001; Williams et al. 2001; Wang 2006) . Changes in AA emissions can also affect precipitation by directly altering the EASM system. Dong et al. (2016) suggested that the increase of both local aerosol emissions and remote emissions over Europe have likely contributed to the observed weakening of the EASM.
These previous studies have demonstrated that external forcing influences precipitation over East Asia, and suggest that changes in both GHG and aerosol emissions play important roles in decadal changes of the EASM. However, the relative individual contributions of changes in GHG and AA emission in generating the SFND pattern, and the exact processes that lead to the changes, are still not clear. Therefore, this work aims to quantify the relative roles of changes in GHG and AA forcing in shaping the SFND pattern and to understand the physical processes responsible.
Up to now, most of the attribution studies are based on Coupled General Circulation Models (CGCMs), i.e., model simulations that use constant emissions to force the CGCMs and reach equilibrium after a long integration (Bollasina et al. 2011; Li and Ting 2017; Wang et al. 2012 Wang et al. , 2013 . In CGCMs that include full ocean dynamics, the computational cost of such experiments is considerable. The CGCMs also exhibit significant biases in the mean state. For example, many CGCMs have a large cold equatorial SST bias in Pacific (Vanniere et al. 2013) . Ocean thermodynamics, rather than dynamics, causes the majority of subseasonal tropical upper ocean variability (e.g., Waliser et al. 2004) . Thus, replacing the 3D ocean GCM with an ocean mixedlayer model would reduce the cost of the experiments, and have a smaller SST bias (due to a prescribed flux correction), whilst also retaining intraseasonal variability and coupling between the atmosphere and the ocean. Therefore, this work is based on a set of experiments using a near-globally coupled atmosphere-ocean-mixed-layer model, MetUM-GOML1 (Klingaman et al. 2011; Hirons et al. 2015) .
The structure of this paper is as follows: Sect. 2 describes the observed changes in precipitation since the mid-1990s; Sect. 3 describes the model and experiments; Sect. 4 evaluates model responses to changes in anthropogenic forcing; Sect. 5 elucidates the physical processes involved in these responses and Sect. 6 is devoted to understanding the responses in large scale circulations. Finally, the main conclusions are summarized in Sect. 7.
Observed changes in precipitation
To show the decadal variability in summer (JJA) precipitation in the observations, we define indices of summer precipitation averaged over northern China (105°E-20°E, 32°N-2°N) and southern China (110°E-20°E, 20°N-0°N). Figure 1a shows that over southern China, the mean precipitation is around 6.5 mm/day during the early period (EP, 1964 (EP, -1981 , which increased to 7.5 mm/day during the present day (PD, 1994 (PD, -2011 . Over northern China, the EPmean precipitation is around 2.5 mm/day and it is reduced to 2.2 mm/day during the PD. The PD mean precipitation over southern China is 0.62 mm/day more than the longterm mean for the period 1950-2012, and 0.16 mm/day less over northern China than the long term mean. The difference between PD values and the long-term mean in both regions is statistically significant at the 10% level based on a twotailed Student's t-test.
To understand the mechanisms underlying the significant decadal variability in precipitation, we compare the spatial changes of lower tropospheric circulation and precipitation during the PD relative to those of the EP. As shown in Fig. 1b , the changes of circulation are characterized as anomalous northeasterly wind over the eastern China, indicating a weakening of the East Asian summer monsoon (EASM). Additionally, there is a cyclonic anomaly in southern China (blue box), indicating stronger convection. Associated with the weakening of the EASM, the main rain belt shifts southward (Ding et al. 2008 (Ding et al. , 2009 . As shown in Fig. 1c , in northern China (red box), precipitation decreased by up to 0.25-0.5 mm/day and in southern China (blue box), it increased by around 0.5-1.5 mm/day. This pattern is named as the SouthernFlood-Northern-Drought (SFND) pattern across the mid-1990s.
To understand the drivers of the SFND pattern, and the dynamical mechanisms involved, we perform experiments with an atmosphere-ocean-mixed-layer model with changes in only GHG, and only AA, alongside an all forced experiment, as described below.
Model and experiments

Model
This work uses the model MetUM-GOML1 (Hirons et al. 2015) : a near-globally-coupled atmosphere-ocean-mixedlayer model. The atmospheric component is the Met Office (1994 ( -2011 ( ) and EP (1964 ( -1981 in JJA and c precipitation (mm/day) changes between PD (1994 -2011 ) and EP (1964 -1981 in JJA. Box indicates selected region of south flood and north drought
Unified Model (MetUM) at the fixed scientific configuration Global Atmosphere 3.0 (GA3.0; Arribas et al. 2011; Walters et al. 2011) . The resolution in current study is 1.875° longitude and 1.25° latitude (N96) with 85 vertical layers, the model lid is at 85 km. The model includes earth system components such as an interactive tropospheric aerosol scheme which includes the following aerosol: ammonium sulphate, mineral dust, sea salt, fossil fuel black carbon, fossil fuel organic carbon, biomass burning aerosols, and secondary organic (biogenic) aerosols. The direct radiative effect due to scattering and absorption of radiation by all aerosol species is represented in the model. The semi-direct effect, whereby aerosol absorption tends to change cloud formation by warming the aerosol layer, is included implicitly (Walters et al. 2011) . The parameterization of the indirect effects is described in detail by Jones et al. (2011) . The oceanic component is a Multi-Column K Profile Parameterization (MC-KPP) mixed-layer ocean model. MC-KPP is run as a two-dimensional matrix of 1-D water columns, with one column below each AGCM grid point that is wholly or partially ocean. Therefore, the horizontal resolution of MC-KPP is the same as the MetUM where it is coupled. In this study, MC-KPP is configured with a depth of 1000 m over 100 vertical levels. The vertical discretization of the MC-KPP columns is defined using a stretch function, allowing very high resolution in the upper ocean.
The vertical resolution is 1.2 m at the surface, and less than 2 m over the first 41.5 m. Vertical mixing in MC-KPP is parameterized using the KPP scheme of Large et al. (1994) . Since the mixed-layer model (MC-KPP) does not include ocean dynamics, a seasonally varying 3D flux corrections is applied to both temperature and salinity. The seasonally varying 3D temperature and salinity flux corrections are prescribed to represent the mean ocean advection and account for biases in atmospheric surface heat and freshwater fluxes.
The oceanic and atmospheric components are coupled via the Ocean Atmosphere Sea Ice Soil (OASIS) (Valcke et al. 2003) coupler. The coupling frequency between atmospheric and oceanic components is once every 3 h.
Experiments
The experiments performed in this study are summarized in Table 1 . With MetUM-GOML1, we first performed a relaxation experiment (R0) for 12 years, in which the temperature and salinity of the ocean (MC-KPP) are relaxed to a present day (PD, 1994 (PD, -2011 climatology derived from the Met Office ocean analysis (Smith and Murphy 2007) . The relaxation experiment uses PD anthropogenic greenhouse gas (GHG) and anthropogenic aerosol (AA) forcing (Lamarque et al. 2010 (Lamarque et al. , 2011 , but otherwise the atmosphere is not constrained. The seasonal cycle of daily-mean 3D ocean temperature and salinity flux corrections are calculated from the coupled relaxation experiment (i.e. they are the average corrections that are need to maintain the climatological state). These 3D flux corrections are then imposed in the free-running coupled experiments (i.e. the free-running coupled experiments include no temperature or salinity relaxation to climatology). Although the flux corrections are designed to represent a background climatology, the use of flux corrections ensures that the temperature and salinity are not fixed and so they will respond to changes in external forcing (either GHG or AA). Therefore, the response of the EASM to a change in a particular forcing in the free-running experiments includes both the direct impact of the forcing (i.e. through land surface and atmosphere processes) and the indirect impact, which is mediated through the forcing induced SST change. The experiments represent the early period (1964 -1981 EP), All Forcing present-day (1994 -2011 PDGA) , GHG forcing (PDG) and AA forcing (PDA). All experiments are run for 50 years and use the climatological PD sea ice extent from HadISST (Rayner et al. 2003) . The last 45 years of each experiment are used for analysis ( Table 1) .
The response to a particular forcing is estimated by the mean difference between a pair of experiments that include and exclude that forcing. The combined effect of changes in both GHG and AA (hereafter All Forcing) is the difference between PDGA and EP experiment (PDGA-EP). The impact of change in GHG (hereafter GHG forcing) is the difference between PDG and EP (PDG-EP) and the impact of change in AA emission (hereafter AA forcing) is the difference between PDA and EP (PDA-EP). Statistical significance of the mean changes in model experiments is assessed using a two tailed Student t-test.
Additionally, three atmosphere-only experiments have been performed to understand the relative roles of the direct impact of AA changes relative to the AA induced SST changes on the EASM and the circulation changes in Pacific in coupled simulations. Each AGCM experiment is 32 years long, with the last 30 years used for the analysis. The first experiment is the CONTROL run, which is an AGCM run for early period (AEP). The second experiment (ASST) is as AEP, but with the SST anomaly computed by differencing the PDA and EP experiments added to the SST in the APE experiment. The third experiment (ASA) is as ASST, but with PD aerosols. All AGCM experiments use climatological PD sea ice extent from HadISST (Rayner et al. 2003) .
The anomaly ASST-AEP is the impact of AA induced SST change and the anomaly ASA-ASST is the direct impact of AA change. The anomaly ASA-AEP is the response to the combined effect of the direct impact of AA change and the AA induced SST change in the AGCM experiment. If air-sea interactions are not important, then the anomaly ASA-AEP shall be very close to AA impact in the coupled simulation.
The southern flood and northern drought pattern in model experiments
Model mean climatology
The SSTs simulated in PD are compared with observations by Dong et al. (2017) , which shows that the biases of simulated present day SST in MetUM-GOML1 are much smaller (typically between − 0.5 and 0.5 °C) than those in CMIP5 models. The large scale patterns of observed SST differences between PD and EP are also well captured in MetUM-GOML1. Figure 2 shows the comparison of the climatological features of the EASM in the PDGA experiment with the observed features. Figure 2a , c shows the spatial patterns of 700-hPa wind, SLP and climatological precipitation in observations respectively. The main feature of note is the subtropical anticyclone over the Western North Pacific that causes a southwesterly wind from the Indian Ocean and an easterly wind from the tropical Pacific to converge in the monsoon trough (green line) and become a strong southerly (Fig. 2a) . The southerly wind transports moisture to East Asia and is related to the strong precipitation there (Fig. 2c ). Figure 2c also shows that the precipitation in China decreases with latitude. The mean precipitation is more than 6 mm/day south of 30°N, but less than 2 mm/ day north of 35°N.
The general features of the climatological summer precipitation, SLP and wind in observations are well reproduced by MetUM-GOML1 (Fig. 2b, d) . However, the precipitation is overestimated over northern India and eastern China, which may be related to the simulated monsoon trough. In particular, the model overestimates the westerly wind over the Indian Ocean and the westerly winds extend too far to the east and into the Pacific, making the simulated monsoon trough deeper than observed, and the southerly from the South China Sea (SCS) is weaker.
In general, despite some deficiencies, the simulated precipitation and lower tropospheric circulation over East Asia compares fairly well with observations, which suggests that this model is an appropriate tool to study the response of regional precipitation to different forcings.
Model simulated changes
The simulated summer-mean changes of SLP, 700-hPa wind and precipitation in response to changes in All Forcing (both GHG and AA) are illustrated in Fig. 3 . The changes in All Forcing cause increased SLP over northern India, and lead to easterly anomalies, indicating a weaker westerly wind from the Indian Ocean (Fig. 3a) . The changes in All Forcing also lead to the enhancement and westward extension of the Western North Pacific Subtropical High (WNPSH) and a decrease of SLP to the northwest of WNPSH. Corresponding to the changes of SLP, there are northerly wind anomalies over northern China around (110°-120°E, 40°-50°N) and a cyclonic circulation anomaly over southern China (105°-125°E, 10°-35°N).
The weaker westerly wind from Indian Ocean and the anomalous northeasterly wind over (110°-120°E, 30°-50°N) are also seen in observations (Fig. 1b) . However, in observations, the anomalous northeasterly wind over (110°-120°E, 30°-50°N) is due to an increase in SLP around (45°N, 100°E), which is not captured in the model simulation. The simulated northwesterly wind anomaly over (110°-120°E, 30°-50°N) is related to a decrease in SLP to the northwest of the WNPSH around (110°-130°E, 30°-50°N ). However, we found the relationship between the SFND and SLP over (100°E-110°E, 40°N-50°N) in observations to be weak on decadal time-scales (not shown). For the decadal changes, anomalous high sea level pressure over 100°E-110°E, 40°N-50°N contributes to surface warming in observations. While in the model simulated response, anomalous low pressure is the atmospheric response to the surface warming.
The simulated precipitation changes show a dipole pattern similar to the observed SFND pattern (Fig. 3b) . There is increased precipitation over southern China, and decreased precipitation over northern China. The difference in both regions is statistically significant at the 10% level based on a two-tailed Student's t-test. While the simulated changes have a similar structure to those in observations, the precipitation increase over southern China is underestimated compared to observations (Fig. 1) . The similarity between the simulated changes and those observed suggests that changes in anthropogenic greenhouse gas and aerosol emissions did play an important role in observed decadal changes in precipitation across the mid-1990 over China. Since changes in All Forcing lead to the SFND pattern, the next question is what is the relative contribution from changes in GHG forcing and AA emissions. In response to changes in GHG (Fig. 4a) , the WNPSH is enhanced and extends westward. SLP decreases to the northwest of the WNPSH. Consistent with the changes of SLP, there is a southeasterly wind anomaly at the southeast coast of China. Therefore, the increase in precipitation over a large region of eastern China (Fig. 4c ) is likely to be the result of the anomalous southeasterly wind transporting more moisture northward from the South China Sea (SCS). Note the increase in precipitation is stronger over southern China (blue box) than over the northern China. The difference of regional mean precipitation is statistically significant at 10% level based on a two-tailed Student's t-test.
In response to changes in AA emissions, SLP rises over a large region north of 20°N, especially over northern India and the Western North Pacific (Fig. 4b) . The WNPSH is enhanced and displaced eastward with an anomalous southerly occurring over the Western North Pacific. The changes in SLP reduce the meridional pressure gradient, leading to a weakened westerly along 10°N from Indian Ocean. Additionally, anomalous northerly wind over eastern China (100°-110°E, 30°-40°N) indicate a weakening water vapor transport from the South China Sea (SCS). Consistent with the weakening westerly wind from the Indian Ocean and southerly wind from the SCS, the precipitation is significantly decreased over northern China (Fig. 4d) . Precipitation is slightly increased over southern China (Fig. 4d) , but the regional-averaged change is insignificant (Fig. 6a) .
In summary, the simulated response to changes in All Forcing indicates changes in GHG and AA emissions play an important role in generating the SFND pattern. However, the responses changes in GHG and AA show some different characteristics. Model results indicate that GHG forcing tends to increase precipitation over eastern China, with a maximum over the southern China, and AA forcing is likely to reduce precipitation, especially over northern China.
The processes related to the southern flood and northern drought pattern
In order to explore the different processes that contribute to the precipitation changes, the column integrated moisture transport convergence has been analyzed. Furthermore, the moisture transport convergence is separated into components due to anomalous circulation and the part due to anomalous specific humidity in order to investigate the dynamic and thermodynamic effects (Li and Ting 2017; Li et al. 2015; Trenberth and Guillemot 1995) . The changes of precipitation in Figs. 3b and 4c, d are compared with the moisture transport convergence in Fig. 5a -c. The similarity between changes in precipitation and changes in moisture transport convergence indicates that the changes of moisture transport convergence in response to changes in All Forcing, GHG forcing and AA forcing is predominantly responsible for the changes in precipitation. We then decompose the moisture transport convergence into the part due to changes in the dynamics (i.e. the dynamic effect, Fig. 5d-f ) or the changes due to humidity changes (i.e. the thermodynamic effect, Fig. 5g-i) . The decomposition shows that the spatial pattern and the magnitude of the moisture transport convergence change (Fig. 5a-c) is largely due to the dynamic effect ( Fig. 5d-f) . In response to changes in GHG forcing, the thermodynamic effect is also relatively large in south China (blue box). By comparison, the thermodynamic effect is relatively weak in response to AA forcing changes.
To quantify the relative roles of changes in GHG forcing and AA forcing in changes of the EASM and associated precipitation, we analyze the area-averaged precipitation, moisture transport convergence, and the dynamic and thermodynamic components of moisture transport convergence over the SFND areas highlighted in Fig. 5 . Over southern China (Fig. 6a) , the increase of precipitation caused by All Forcing (blue bar) is dominated by the increase of moisture transport convergence, which is mainly due to the dynamical effect. Isolating the roles of different forcings in the model indicates that the increase of precipitation in southern China is mainly due to GHG forcing (green bars), which explains up to 80% of the simulated precipitation change in response to All Forcing. The GHG forced precipitation increase is also dominated by the increase of the moisture transport convergence. Both dynamic and thermodynamic components increase the total moisture transport convergence due to GHG, but the thermodynamic effect is twice the magnitude of the dynamic effect. The importance of the thermodynamic effect is consistent with the increase in the precipitable water in the atmosphere due to GHG forced warming (see Fig. 7 ). Such a GHG effect agrees with the so called "rich get richer" mechanism (Chou et al. 2009 ): i.e., an increased moisture content in the atmosphere due to the warming leads to a greater moisture transport convergence that enhances precipitation over southern China. The enhanced precipitation in turn forces anomalous large-scale low-level convergent flow, which further strengthens the positive rainfall anomalies. In comparison with the GHG, the impact of changes in AA forcing (yellow bars) on precipitation in south China is relatively weak and not significant.
Over northern China (Fig. 6b) , changes in All Forcing lead to a decrease of the area mean precipitation (blue bars). The decrease in precipitation is again dominated by changes of moisture transport convergence, which is mainly due to the dynamic effect. The thermodynamic component is small and insignificant. Considering the response of precipitation to different forcings, results show that the reduction in precipitation over northern China is mainly due to the effect of AA forcing, which determines the sign of the precipitation anomaly. The AA forced reduction of precipitation in northern China explains up to 95% of the simulated precipitation decrease in the All-Forcing experiment. Almost 80% of the AA forced decrease in precipitation comes from the decrease of the moisture transport convergence, and it is dominated by the dynamic component. The SFND precipitation pattern in the model experiments is dominated by the changes of the moisture transport convergence. Over southern China, the enhancement of the moisture transport convergence is mainly due to GHG forcing, which involves both the dynamic and thermodynamic components. Over northern China, the reduction of moisture transport convergence is dominated by the changes in AA forcing, through a weakening of the dynamic component of the moisture transport convergence.
The changes of large scale circulation related to the SFND pattern
In Sect. 5 we showed that GHG and AA changes make differing contributions to regionally averaged precipitation changes over China. In this section, we explore the large scale circulation responses to forcing, and determine how the responses to the individual forcings combine to produce the observed SFND pattern. 
Changes in large scale circulation in response to changes in different forcings
In the single forced experiments, one contrasting feature over East Asia is the opposing signs of SLP response to GHG and AA changes (Fig. 4a, b) . In the GHG-forcing experiment, the anomalous low pressure over East Asia and the enhanced WNPSH leads to enhanced southerly winds along the east coast of China (Fig. 4a) . These southerly winds transport more moisture from the SCS and, in turn, contributes to the increased precipitation over southern China (Fig. 4c) . In contrast, SLP increases over East Asia and WNPSH in AA-forcing experiment (Fig. 4b) . The anomalies SLP lead to weaker EASM and decreased precipitation over northern China. Since the changes in subtropical circulation are important for generating the SFND pattern, in this section we focus on understanding how the subtropical SLP and the related large scale circulation responds to changes in different forcings. We first place the SLP changes in the global context in Fig. 8a-c . In response to changes in All Forcing (Fig. 8a) , the SLP is generally raised at the subtropical latitudes (20°N-30°N) , with the maximum over East Asia and Western North Pacific. Over East Asia, the increase of SLP is related to the heterogeneous warming over land, which is much weaker over northern India (20°N) than over mid-latitude regions (30°N-50°N) (Fig. 8d) . The changes of surface air temperature (SAT) correspond to the positive anomalies of the zonal-mean meridional stream function over East Asia (90°E-120°E) between 10°S-10°N (colours in Fig. 9a ) and sinking anomalies around 10°-20°N (arrows in Fig. 9a) , which increases the SLP over South Asia at 20°N (Fig. 8a) .
Over the Western North Pacific, the increased WNPSH is associated with the heterogeneous SST warming (Fig. 8g) , which has a local maximum in the equatorial Pacific and Fig. 8 SLP (a-c, hPa) , TAS (d-f, °C), SST (g-i, °C) and Precipitation (j-l, mm/day) difference between PD and EP experiments in JJA in response to All Forcing (left column), GHG forcing (middle column) and AA forcing (right column). Change in g-i has the global mean SST anomalies removed. Grids and dots highlight regions where the changes are statistically significant at the 10% level using a two-tailed Student t-test minimum in the subtropical Pacific around 30°N. The warm SST is associated with enhanced precipitation over the western equatorial Pacific (Fig. 8j) , consistent with the sensitivity of tropical precipitation to modest SST warming (Xie et al. 2010) . As stated in Dai et al. (2013) , the latent heat release related to the enhanced precipitation warms the upper troposphere. As a result, the changes of SST and precipitation correspond to the positive cell of the zonal-mean meridional stream function over the west Pacific (120°E-150°W) between 0°-20°N (colours Fig. 9b ) with anomalous rising over the equatorial Pacific (arrows in Fig. 9b ) and anomalous sinking around 20°N (Fig. 9b) , which enhances the WNPSH (Fig. 8a) .
Analyzing the separately forced experiments we find that the positive anomalies of zonal-mean meridional stream function and the sinking anomaly over East Asia (Fig. 9a) is not simulated in GHG-forcing experiment (Fig. 9c) . However, the sinking anomaly is reproduced in the AA-forcing experiment (Fig. 9e) . In response to AA forcing, the SAT cools over northern India (Fig. 8f) . This cooling is related to the positive cell of zonal-mean meridional stream function between 10°S-10°N (Fig. 9e) and sinking anomaly between 10°N-20°N (arrows in Fig. 9e) , which increases the SLP in East Asia (Fig. 8c) . In contrast, in response to GHG forcing, the SAT warms strongly over Asian Continent (Fig. 8e) , corresponding to negative anomalies of zonal-mean meridional stream function (Fig. 9c) and ascent in the northern Hemisphere (arrows in Fig. 9c ), which reduces SLP over East Asia (Fig. 9b) .
Although there is a contrast in the circulation response over East Asia between the separately forced experiments, the WNPSH is enhanced in both the GHG-forcing and AAforcing experiments (Fig. 8b, c) . In GHG-forcing experiment (Fig. 8h) , the Pacific SST warming has a minimum between 10°N-20°N and maximum near the equator. This corresponds to positive anomalies of the zonal-mean meridional stream function over the west Pacific between 0°-15°N ( Fig. 9c) with anomalous ascent over the equator and sinking anomaly around 20°N (Fig. 9d) . In response to AA forcing, the SST cools over the subtropical north Pacific. The cool SST anomalies relate to more stable atmosphere over the subtropical Pacific and suppressed precipitation (Fig. 8i , (Fig. 9f) with anomalous ascent near the equator and sinking anomaly between 20°N-30°N (arrows in Fig. 9f ). The sinking anomalies in both GHG-and AA-forcing experiments enhance the WNPSH (Fig. 8b, c) .
The results above indicate that the enhanced WNPSH is a response to changes in both GHG forcing and AA forcing, and is the result of heterogeneous SST warming with a maximum in the equatorial western Pacific. The increased SLP over South Asia is mainly due to changes in AA forcing, and is consistent with the surface cooling over South Asia, which decreases the land sea thermal contrast.
Understanding the enhancement of WNPSH
The above analysis shows that the changes in the WNPSH are important to the SFND pattern, and that changes in the WNPSH are associated with the heterogeneous changes in Pacific SST. However, it is not clear whether the enhancement of WNPSH is the result of the fast response to the changes of GHG and AA forcing or the slow response to the changes of SST induced by GHG or AA forcing.
The relative roles of GHG induced SST anomalies and the direct impact of GHG radiative effect for changes in tropical precipitation are studied in many previous studies (Dong et al. 2009; Xie et al. 2010; Li and Ting 2017) . These studies suggest that the GHG induced SST anomalies, in particular the equatorial maximum in SST warming over the Pacific, play a dominant role in changing tropospheric stability and tropical precipitation. However, further work is still needed to understand the changes in local Hadley circulation and subtropical SLP in response to changes in AA forcing. Thus, we performed another set of AGCM experiments to distinguish (1) the direct impact of AA changes (i.e. without allowing SST to change), (2) the impact of AA induced SST changes and (3) the combined impact (Table 1) .
When forcing the AGCM by the change in AA emissions together with the anomalous SST induced by AA changes, the precipitation is suppressed over the subtropical North Pacific and the ITCZ is shifted southward (Fig. 10a) . This pattern is similar to the response to changes in AA emissions in the coupled model as shown in Fig. 8i . We also find that the WNPSH is significantly enhanced (Fig. 10b) . The suppressed convection and the southward shift of the ITCZ are associated with positive anomalies of stream function at latitudes between 0°N-30°N corresponding to anomalous ascent in the tropics and anomalous sinking over the subtropical ocean (Fig. 11a, b) . The similarity between the coupled (Fig. 8e, f) and AGCM (Fig. 10a, b) experiments suggests that the inclusion of air-sea coupling does not have a substantial impact on changes in precipitation and large scale circulation in the tropical and subtropical Pacific in response to AA emission changes.
In response to AA induced SST anomalies, the changes in precipitation (Fig. 10c ) and enhanced WNPSH (Fig. 10d) are similar to the response to both AA emission and AA induced SST changes (Fig. 10a, b) . However, in response to changes in AA emissions without SST feedbacks there are no significant changes in the WNPSH (Fig. 10f) and the related stream function and vertical circulations over the western Pacific (Fig. 11e, f) . Therefore, changes in precipitation, WNPSH, and local Hadley circulation over the tropical and subtropical Pacific in response to the changes in AA emissions in the coupled model are primarily due to AA induced SST feedbacks. This is consistent with Li et al., (2010) , which suggests that the SST warming in the tropics is primary cause for the weakening of the EASM.
Conclusions
In observations there is a rapid increase of precipitation over southern China and a decrease over northern China across the mid-1990s, named as Southern-Flood-Northern-Drought (SFND) pattern. Corresponding to changes in precipitation is the weakened EASM, characterized by positive SLP anomalies over Asian continent and India, weaker southeasterly flow from the Indian Ocean and less moisture transport to northern China. In this study, we have performed a set of time-slice experiments using MetUM-GOML1 to quantify the roles of changes in: (1) All Forcing, the combined effects of greenhouse gas (GHG) and anthropogenic aerosols (AA) emissions, (2) GHG forcing and (3) AA emissions in generating the observed SFND pattern. Our principle results are as follows:
1. When forced by changes in All Forcing between two periods MetUM-GOML1 shows a dipole pattern of precipitation over China, which is similar to observed SFND pattern, and a weakened EASM. This similarity suggests that changes in the GHG and AA emissions contributed to the decadal changes of precipitation over East Asia across the mid-1990s, and the associated weakening in the EASM. 2. The forced increase in precipitation over East Asia is dominated by the changes in GHG forcing. The increased GHG enhances the Western North Pacific Subtropical High (WNPSH) and SLP over southern China decreases, which leads to enhanced southerly winds on the western boundary of WNPSH and increased moisture transport from the South China Sea. In addition, the GHG induced warming increases the moisture content in the atmosphere, leading to enhanced moisture transport and transport convergence over East Asia. There-fore, both the thermodynamic and dynamic processes are important in leading to more precipitation over East China. 3. The decrease in precipitation over northern China is dominated by the changes in AA forcing. The significant decrease in precipitation in response to AA changes is dominated by the dynamic effect related to AA induced circulation change. AA forcing changes lead to the increase of SLP around 20°N, with the maximum over northern India and Western North Pacific, which corresponds to a weakening in EASM. Thus, less water vapor is transported to East Asia, corresponding to reduced precipitation. 4. The changes in SLP are one of the important factors in generating the SFND pattern. Over East Asia, the changes in SLP are related to the heterogeneous changes of surface air temperature. Changes in GHG forcing lead to surface warming over the Asian continent, which is related to anomalous ascent and decreased SLP. Changes in AA forcing leads to surface cooling over northern India and southern China, which corresponds to anomalous sinking and increased SLP. Over the western Pacific, the changes in SLP are related to the heterogeneous changes of SST. Changes in GHG forcing are related to SST warming with the maximum in the equatorial ocean. In contrast, changes in AA forcing lead to a subtropical cooling, which makes the ITCZ shift southward. The changes in ITCZ in response to both changes in GHG and AA forcings enhances the sinking anomalies over subtropical latitudes, which enhance the WNPSH.
It should be noted that in this work the GHG forcing and AA forcing are taken as independent forcing factors. Previous studies (Feichter et al. 2004; Ming and Ramaswamy 2009; Shiogama et al. 2012 ) indicated a nonlinearity of responses to changes in different forcings (i.e., the response to the combined forcings is not necessarily equal to the sum of the responses to the individual forcings). In this study, we also noticed a nonlinearity of EASM changes in response to changes in GHG and AA emissions. However, detailed discussion of this nonlinearity is beyond the scope of this study. This work also suggested that the change of local Hadley cell in response to different forcings is strongly related to the changes of SST pattern which has the maximum warming over equatorial Pacific and minimum warming over subtropical Pacific (Fig. 8d-f) . Further studies are needed to understand the mechanisms through which the GHG and AA lead to the SST patterns.
Although the model appears to capture the SFND pattern, it is important to note that the results may be sensitive to the model or experimental design. For example, this work is based on the time-slice experiments forced by early period (1964) (1965) (1966) (1967) (1968) (1969) (1970) (1971) (1972) (1973) (1974) (1975) (1976) (1977) (1978) (1979) (1980) (1981) and present day (1994-2011) GHG and AA emission. Additionally, the oceanic component of the model used is a mixed-layer model, in which the ocean dynamic processes are not fully considered. Therefore, the simulated changes in SST and some other variables may not be the same as those in Coupled General Circulation Models (CGCMs) that include a fully dynamic 3D ocean. As Li and Ting (2017) revealed, while the thermodynamic response of Asia monsoon is robust across the CMIP5 models, there is a lack of consensus for the dynamic responses, possibly due to the multiple physical processes evolving on different time scales. Hence, in the future the results in this paper should be tested using different different models. Particularly, it will be useful to compare our results with other studies which considered the temporal evolution of the climate changes and also the responses of the oceanic general circulation. Climate Science for Service Partnership (CSSP) China as part of the Newton Fund. BD, JR, and RS are supported by the U.K. National Centre for Atmospheric Science-Climate (NCAS-Climate) at the University of Reading. The authors would also like to thank two anonymous reviewers for their constructive comments and suggestions on the paper.
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